1. Introduction
===============

Total hip and knee arthroplasty (THA and TKA, respectively) are efficient treatments that can relieve pain, improve knee function, and correct deformity in patients with end-stage hip and knee osteoarthropathy.^\[[@R1],[@R2]\]^ However, the substantial perioperative blood loss and subsequent acute anemia and need for transfusion are major concerns for joint surgeons. The total perioperative blood loss ranges from 700 to 2000 mL,^\[[@R3],[@R4]\]^ and the percentage of hidden blood loss (HBL) can be 29% to 60% in THA and 45% to 60% in TKA.^\[[@R5]--[@R7]\]^ Postoperative anemia may hinder the recovery of patients after THA and TKA and increase the incidence of complications and mortality, and blood transfusions may increase the risk of anaphylaxis, transfusion-related acute lung injury, and virus transmission.^\[[@R7]--[@R9]\]^ Therefore, an ideal blood management program for THA and TKA patients should include an attempt to minimize perioperative blood loss and correct perioperative anemia.

Preoperative anemia (hemoglobin \[Hb\] \<120 g/L for females and \<130 g/L for males)^\[[@R10]\]^ is common (prevalence of 24%) in older patients presenting for elective THA or TKA.^\[[@R11]\]^ Preoperative anemia increases the severity and rate of postoperative anemia, and increases the need for transfusions.^\[[@R4]\]^ Erythropoietin (EPO) and iron administration now appear to be an alternative choice for correcting perioperative anemia.^\[[@R4],[@R5]\]^ Several studies have shown that intravenous iron administration is more rapid and effective, and is better tolerated than oral iron in various populations.^\[[@R12]\]^ However, there is a lack of strong evidence to prove the clinical benefits of EPO and iron supplement application in THA and TKA patients in the perioperative period.

Furthermore, hyperfibrinolysis is one of the most important causes of perioperative blood loss,^\[[@R13]\]^ and the application of anti-fibrinolytic drugs seems to be an effective treatment to reduce perioperative blood loss. As an analogue of the amino acid lysine, tranexamic acid (TXA) can competitively inhibit plasminogen activation and plasmin binding to fibrin to achieve the effect of anti-fibrinolysis,^\[[@R14]\]^ and thus reduce perioperative blood loss and transfusion rate.^\[[@R9],[@R15]\]^ There are 3 common methods of TXA administration in THA and TKA patients: intravenous,^\[[@R16]\]^ topical,^\[[@R17]\]^ and combined application.^\[[@R6]\]^ Many studies have shown that combined application is the most effective regimen.^\[[@R6],[@R12],[@R18]\]^ In most studies, a single dose of intravenous TXA (IV-TXA) was administrated preoperatively. However, fibrinolysis peaked at 6 hours after surgery and lasted for 18 hours, according to a laboratory follow-up study,^\[[@R19]\]^ so a single dose of TXA was not adequate to inhibit fibrinolysis completely.^\[[@R13]\]^ In a previous randomized controlled trial, it was reported that multiple boluses of TXA can effectively reduce HBL after primary TKA and lead to a smaller decline in Hb.^\[[@R13]\]^ However, the sample size was relatively small. Therefore, more studies with larger sample sizes are necessary to prove the clinical effectiveness of multiple boluses of TXA.

The perioperative blood management program in THA and TKA patients has been developed over the last 3 years at our institution and can be divided into 3 different groups according to time periods. From January 2014, combined use of intravenous and topical TXA began to be administered to THA and TKA patients (group A). Starting in April 2015, we also included treatments of recombinant human erythropoietin (rHuEPO) and iron supplements (group B). Then, starting in February 2016, we added multiple boluses of TXA to the treatment regimen (group C). We conducted this large, single-center, retrospective study to evaluate the following: whether applying rHuEPO and iron supplements can improve the postoperative Hb level and reduce the transfusion rate when added to the combined use of intravenous and topical TXA; whether adding multiple boluses of TXA can reduce blood loss when added to treatment with rHuEPO, iron supplements, and intravenous and topical TXA; and whether the optimized blood management program was safe.

2. Materials and methods
========================

2.1. Ethical approval
---------------------

The study protocol was approved by the Institutional Review Board (IRB) of West China Medical Center of Sichuan University (2012-268). For this type of study formal consent is not required.

2.2. Patient selection
----------------------

All the data were derived from the National Health Database of China. The server for this database was set up at our institution, and our center was in charge of the management of the database, ensuring the standardization and accuracy of the data entry. This study included consecutive patients undergoing primary unilateral THA or TKA from January 2014 to April 2016 in our department. The inclusion criteria were as follows: patients receiving primary unilateral THA or TKA; normality of preoperative platelet and coagulation function. The exclusion criteria were as follows: history of venous thromboembolism (VTE), including deep vein thrombosis (DVT) and pulmonary embolism (PE); cardiovascular problems or cerebrovascular conditions (history of myocardial infarction, angina, atrial fibrillation, or previous stroke); serious liver or kidney dysfunction; known allergy to TXA, rHuEPO, or iron supplements; discontinuation of oral antiplatelet agents or aspirin \<1 week before surgery; or preoperative Hb level \<100 g/L.

2.3. Study design and blood management
--------------------------------------

The patients were divided into 3 groups according to the optimized blood management program (Table [1](#T1){ref-type="table"}). The details of each strategy are described below.

###### 

Optimized blood management program of the 3 groups.
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Combined use of intravenous and topical TXA: a single bolus of 20 mg/kg of IV-TXA (Chongqing Lummy Pharmaceutical Co., Ltd., Chongqing, China) was administered 5 to 10 minutes before skin incision, and 1 g of topical TXA was injected through the drainage tube after closing the deep fascia, as described in our previous study.^\[[@R12]\]^ The drain tube was kept clamped for 2 hours, then the tube was fully opened and was removed by the next morning.

RHuEPO and iron supplements: patients in group A with perioperative anemia were only given 150 to 300 mg/d of oral iron treatment (Shanghai UCB Trading Co., Ltd., Shanghai, China), and the detailed regimen of rHuEPO and iron supplement therapy for patients in groups B and C is shown in Figure [1](#F1){ref-type="fig"}. Subcutaneous rHuEPO (Shenyang 3SBio Inc., Shenyang, China), intravenous iron supplements (Shanghai UCB Trading Co., Ltd), and oral iron supplements (Shanghai UCB Trading Co., Ltd.) were given in this regimen. The indication to stop treatment with rHuEPO and iron supplements was Hb \>130 g/L for males and Hb \>120 g/L for females.

![The regimen of rHuEPO and iron supplement therapy for patients in group B and C. Hb = hemoglobin, rHuEPO = recombinant human erythropoietin, THA = total hip arthroplasty, TKA = total knee arthroplasty.](medi-97-e9429-g002){#F1}

Additional multiple boluses of IV-TXA: 10 mg/kg of IV-TXA was administered 3 and 6 hours after the first dose of 20 mg/kg of IV-TXA, as described in our previous studies.^\[[@R12],[@R13]\]^

2.4. Surgical procedure
-----------------------

All of the operations were performed by 5 senior surgeons in our department, 1 of whom was in charge of the joint replacement institution, and the others who had surgical training under his guidance. All of the operations were performed under general anesthesia or spinal anesthesia in 1 of 2 operating rooms with laminar airflow. The posterolateral approach and cementless cups and stems were used in the THA procedures. A midline skin incision, medial parapatellar approach, measured resection technique, and cemented posterior-stabilized prosthetic designs were used in the TKA procedures. All patients received a drainage catheter at the end of the operation. In groups A and B, a tourniquet was applied to all patients receiving TKA with the strategy of inflating before incision and deflating after compressing the lower limb with 2 elastic bandages at 100 mmHg above systolic pressure. In group C, a tourniquet was not applied routinely.

2.5. Postoperative care protocol
--------------------------------

A combination of mechanical and chemical thromboprophylaxis was adopted to prevent VTE for all patients. As mechanical prophylaxis, an intermittent foot slope pump system was used before walking. As chemical prophylaxis, a half-dose of low-molecular-weight heparin (LMWH; 2000 IU in 0.2 mL; Clexane; Sanofi-Aventis, Paris, France) was subcutaneously administered at 6 hours postoperatively, and repeated at 24-hour intervals with a full dose (4000 IU in 0.4 mL). As prophylaxis after discharge, patients were instructed to take 10 mg of Rivaroxaban (Xarelto; Bayer, Leverkusen, Germany) orally once a day for 10 to 14 days if no bleeding events occurred. Doppler ultrasound was used routinely to detect DVT at the time of discharge and at 30-day follow-up, or when there was a clinically suspected DVT. PE was diagnosed by clinical symptoms and enhanced chest computed tomography scan. The criterion of blood transfusion was set as an Hb level of \<70 or 70--100 g/L with symptomatic anemia (defined as tachycardia, pallor and lethargy, poor appetite, and fatigue) according to the guidelines by the National Ministry of Health.

2.6. Outcome measurements
-------------------------

All measurements were derived from the National Health Database of China, including demographic data (gender, age, height, weight, and body mass index), diagnosis, comorbidities, American Society of Anesthesiologists (ASA) grade, duration of surgery, intraoperative fluid volume, Hb and hematocrit (Hct) level preoperatively and on postoperative day 1 (POD1) and postoperative day 3 (POD3). The primary outcomes were Hb drop and calculated total blood loss (TBL). Hb drop = Hb~pre~ − Hb~post~ (Hb~post~: Hb level on POD1 or POD3). TBL was calculated according to the Nadler et al^\[[@R20]\]^ and Gross formula^\[[@R21]\]^: TBL = patient\'s blood volume (PBV) × (Hct~pre~ − Hct~post~)/(Hct~pre~ + Hct~post~) × 2 (Hct~pre~: initial preoperative Hct level, Hct~post~: Hct on POD1 or POD3). The PBV was assessed according to the formula of Nadler et al^\[[@R20]\]^: PBV = k1 × height (m)^3^ + k2 × weight (kg) + k3 (male: k1 = 0.3669, k2 = 0.03219, k3 = 0.6041; female: k1 = 0.3561, k2 = 0.03308, k3 = 0.1833). If either reinfusion or allogeneic transfusion was performed, the TBL was equal to the loss calculated from the Gross formula plus the volume transfused. Other outcome measurements such as transfusion rate and amount, postoperative length of stay (PLOS), and complications were also compared carefully.

2.7. Statistical analysis
-------------------------

All the data analyses were performed using SPSS version 22.0 (SPSS Inc., IBM Corp., New York). The Pearson χ^2^ test and the Fisher exact test were performed to analyze the qualitative variables. One-way analysis of variance and Tukey\'s post-hoc tests were performed to analyze the parametric samples while the Kruskal--Wallis *H* test and Mann--Whitney *U* test were used for nonparametric data. The threshold of significance was defined as *P* \< .05, and the corrected significance level for post-hoc correction was *P*′ \< .017.

3. Results
==========

There were 1907 cases of THA, with 986 cases in group A, 745 in group B, and 176 in group C. There were 1505 cases of TKA, with 795 cases in group A, 556 in group B, and 154 in group C. The baseline characteristics of the 3 groups were comparable (Table [2](#T2){ref-type="table"}).

###### 

Preoperative and intraoperative characteristics of patients receiving total hip or knee arthroplasty.
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The levels of Hb and drop in Hb in THA patients are shown in Figures [2](#F2){ref-type="fig"}A and [3](#F3){ref-type="fig"}A. The mean Hb in group C (116.32 ± 16.36 g/L) and group B (115.45 ± 15.91 g/L) were significantly higher than in group A (112.40 ± 17.15 g/L, *P* \< .001, *P* \< .001, respectively). However, there was no significant difference between groups B and C (*P* = .68) on POD1. On POD3, the mean Hb in group C (108.31 ± 16.41 g/L) was still higher than those in group B (105.33 ± 15.53 g/L, *P* = .02) and group A (101.35 ± 16.46 g/L, *P* \< .001), and it was higher in group B than in group A (*P* \< .001). The mean Hb drop in group C (15.66 ± 9.90 g/L) was significantly lower than in group B (17.61 ± 9.94 g/L, *P* = .03) and group A (21.45 ± 9.68 g/L, *P* \< .001), and it was lower in group B than in group A (*P* \< .001) on POD1. On POD3, The Hb drop in group C (23.67 ± 9.66 g/L) was still lower than in group B (27.72 ± 10.68 g/L, *P* \< .001) and group A (32.51 ± 11.74 g/L, *P* \< .001), and it was lower in group B than in group A (*P* \< .001).

![The level of Hb in THA (A) and TKA patients (B). Hb = hemoglobin, POD1 = postoperative day 1, POD3 = postoperative day 3, Pre = preoperatively, THA = total hip arthroplasty, TKA = total knee arthroplasty.](medi-97-e9429-g004){#F2}

![The Hb drop in THA (A) and TKA patients (B). Hb = hemoglobin, POD1 = postoperative day 1, POD3 = postoperative day 3, THA = total hip arthroplasty, TKA = total knee arthroplasty. ^∗^Means *P* value \<0.05, ^∗∗^means *P* value \<0.01.](medi-97-e9429-g005){#F3}

The levels of Hb and drop in Hb in TKA patients are shown in Figures [2](#F2){ref-type="fig"}B and [3](#F3){ref-type="fig"}B. The mean Hb in group C (120.05 ± 13.05 g/L) was significantly higher than in group B (116.26 ± 13.67 g/L, *P* = .015) and group A (113.90 ± 14.91 g/L, *P* \< .001), and it was lower in group B than in group A (*P* = .012) on POD1. On POD3, the mean Hb in group C (110.13 ± 12.15 g/L) was still higher than in group B (104.58 ± 16.65 g/L, *P* = .001) and group A (101.25 ± 18.62 g/L, *P* \< .001), and it was higher in group B than in group A (*P* = .001). The mean Hb drop in group C (11.08 ± 9.11 g/L) was significantly lower than in group B (13.84 ± 7.79 g/L, *P* = .001) and group A (16.31 ± 8.57 g/L, *P* \< .001), and it was lower in group B than in group A (*P* \< .001) on POD1. On POD3, The Hb drop in group C (21.01 ± 10.14 g/L) was still lower than in group B (25.52 ± 13.98 g/L, *P* = .002) and group A (28.96 ± 15.02 g/L, *P* \< .001), and it was lower in group B than in group A (*P* \< .001).

Table [3](#T3){ref-type="table"} shows the details of calculated TBL, transfusion, and PLOS after THA or TKA among the 3 groups. The mean TBL in group C was significantly lower than in groups A and B, and it was lower in group B than in group A both for THA and TKA patients on POD1 and POD3 (*P* \< .01). The transfusion rate was significantly less and the amount of transfusion was lower in group C than in groups A and B for THA patients (*P* \< .01). However, for TKA patients, the transfusion rate and amount in groups A and B were similar (*P* \> .05), and no patients in group C received a transfusion. There were favorable effects in shortening PLOS in both THA and TKA patients in group C compared with patients in groups A and B. Differences were also detected between groups A and B (*P* \< .001).

###### 

Calculated total blood loss, transfusion details and postoperative length of stay after total hip or knee arthroplasty.
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Table [4](#T4){ref-type="table"} shows the details of the postoperative complications in our study. No episodes of symptomatic PE or stroke occurred in any patient. The differences among the 3 groups for the incidence of DVT, intramuscular venous thrombosis, wound complications, and 30-day readmission were not significantly different (*P* \> .05). Furthermore, no episodes of all-cause 30-day mortality occurred during the patients' hospital stay or 30-day follow-up period.

###### 

Complications during the 30-day follow-up period.
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4. Discussion
=============

The most important finding of this large, single-center, retrospective study was that the application of rHuEPO and iron supplements can reduce the calculated TBL, Hb drop, transfusion rate, and PLOS, and improve the postoperative Hb level when added to the combined use of intravenous and topical TXA. Also, applying additional multiple boluses of TXA can further improve the effects in patients undergoing THA or TKA without increasing the incidence of VTE, wound complications, or mortality.

There are a considerable number of patients who have preoperative anemia, and socioeconomic status, customs, and religion can contribute to this. This is significant because preoperative anemia is associated with postoperative morbidity and mortality.^\[[@R22]\]^ A preoperative Hb level of \<120 g/L triples the risk of blood transfusion.^\[[@R4]\]^ Thus, correcting preoperative anemia and raising preoperative Hb level to \>120 g/L are important. However, this cannot be achieved with the use of TXA. Moreover, the majority of patients requiring THA or TKA are middle-aged or elderly people whose preoperative anemia is mainly iron deficiency anemia or anemia of chronic disease, and one-third of these patients have iron deficiency.^\[[@R23]\]^ It has been shown that providing rHuEPO and iron supplements to patients with preoperative anemia can improve the Hb level and improve operative safety and reduce the transfusion requirement.^\[[@R23],[@R24]\]^ It is also effective for patients with postoperative anemia, which is caused by surgical bleeding.^\[[@R8]\]^ In our study, applying rHuEPO and iron supplements in addition to the combined use of intravenous and topical TXA improved postoperative Hb level and reduced the transfusion rate, which was in accordance with previous studies.^\[[@R22],[@R24]\]^

Recovery from blood loss requires a greatly enhanced supply of iron to support expanded erythropoiesis. After hemorrhage, suppression of the iron regulatory hormone hepcidin allows increased iron absorption and mobilization from stores. At the same time, EPO stimulates production of the Hb-containing red blood cells with adequate iron. In our study, we routinely added rHuEPO and iron supplements to the combined use of intravenous and topical TXA during the perioperative period for THA or TKA patients, which may have promoted hematopoietic function and recovery from acute surgical bleeding, whereas the HBL was gradually increased by postoperative hyperfibrinolysis.^\[[@R13]\]^ Meanwhile, rHuEPO and iron supplements were associated with improved hematological parameters, especially Hb and Hct levels, and reduced the TBL as calculated by the Gross formula,^\[[@R21]\]^ which is still the most commonly used formula that predicts blood loss accurately. However, arithmetical differences between preoperative and postoperative period may not fully reflect real perioperative blood loss. Thus, further prospective studies using a more exact method to confirm the effect are in demand.

The maximum Hb drop in group B was up to 25 g/L, and the TBL on POD3 was up to 800 mL, an important component of which was HBL. Thus, based on the results in group B, the key goal in the next step was to reduce HBL further. One of the main reasons for HBL is fibrinolysis, which peaks at 6 hours after surgery and lasts 18 hours.^\[[@R19]\]^ In a previous study, D-dimer and fibrin(-ogen) degradation products were tested at 6, 12, 24, and 48 hours postoperatively, and it was found that fibrinolysis peaked at 6 hours postoperatively and lasted for at least 24 hours.^\[[@R13]\]^ It is advantageous to achieve anti-fibrinolysis during the first 24 hours after THA or TKA, which provides the theoretical basis for the application of multiple boluses of TXA. According to pharmacokinetics, the half-life of TXA in plasma is about 3 hours. TXA can rapidly distribute into the joint fluid and synovium, and the concentration can reach the level of the plasma concentration, and the biological half time is also about 3 hours.^\[[@R25]\]^ These distribution and metabolic features also provide the theoretical basis for the application of multiple boluses of TXA. Thus, administration of 10 mg/kg of IV-TXA was repeated at 3 and 6 hours after the first dose in our study. We found that the postoperative Hb level was increased, the Hb drop was decreased, and the TBL, transfusion rate, and PLOS were all reduced after additional multiple boluses of TXA were applied. The results were consistent with the previous study.^\[[@R13]\]^

Adverse effects from the short-term use of rHuEPO are rare based on the literature.^\[[@R24]\]^ The maximum total dose of rHuEPO in our study was 110,000 to 150,000 IU (1833--2500 IU/kg) and the mean dose was 208 to 229 IU/kg/day (the mean weight was 60 kg). While in related study, the dose of rHuEPO was up to 300 IU/kg/day, the duration was 8 to 15 days,^\[[@R26]\]^ which was higher than the dose in our study, and they did not observe any serious adverse effects. The risk of DVT was increased in patients on rHuEPO with a baseline Hb level \>130 g/L, while the occurrence of DVT in patients with a baseline Hb level of 101 to 130 g/L was similar to that of patients receiving a placebo.^\[[@R27]\]^ It was thought that iron depletion and associated relative thrombocytosis might contribute to increased VTE incidence when administering high rHuEPO doses.^\[[@R28]\]^ Therefore, combining rHuEPO with iron can prevent functional iron deficiency and thrombocytosis when administering high rHuEPO.^\[[@R28]\]^

The postoperative VTE and mortality is the major concern, which hindered the wide adoption of TXA in the setting of THA or TKA. In a retrospective study conducted by Poeran et al,^\[[@R29]\]^ a total of 872,416 patients (20,051 in TXA group) undergoing THA or TKA in 510 US hospitals at a 6-year period were included, the results showed no significant difference on postoperative DVT between TXA group and control group (0.4% vs 0.5%), and the rate of clinically significant PE was 0.2% in patients receiving TXA. TXA dose categories (vs no TXA use) were not significantly associated with the risk of thromboembolic complications (odds ratio 0.85--1.02) in the multilevel logistic regression model. Another retrospective study by Duncan et al,^\[[@R30]\]^ a total of 13,262 elective TKA or THA procedures in 11,175 unique patients at a 5-year period were included, the result founded the incidence of postoperative DVT was 1.7% in TXA group whereas it was 2.0% in control group. It was also reported an all-cause 30-day mortality of 0.04% in patients undergoing THA or TKA when TXA was administered. Compared with previous studies, the reduction in the frequency of VTE and all-cause 30-day mortality in the current study is likely due to several factors as follows. First, postoperative screening for thrombus by ultrasound was a routine practice for every patients included. Second, a regular protocol of thrombosis prevention, including physical approaches and early rehabilitation activities, was implemented well by the patients even after the discharge. Third, we moved the usage of the LMWH ahead to 6 hours after wound closure. Last but not the least, all patients followed up regularly and timely in our outpatient department after discharge.

There were several limitations in this study. First, it was a retrospective study from a single tertiary-care teaching institution. A prospective study might better verify the effectiveness and safety of an optimized blood management program with the application of TXA, rHuEPO, and iron supplements. In addition, we did not use propensity-matched analysis in statistics, which is really a practical method for retrospective study to exclude a variety of confounding factors. However, this limitation is likely minimized in the data by 3 factors. First of all, the patients' preoperative and intraoperative baseline characteristics of 3 groups were comparable in the current study. Then, there were 6 to 8 THA or TKA procedures were conducted by each senior surgeon every week, the amount and proportion of procedures by each senior surgeon in each group was the same. At last, no tourniquet in group C was applied, which make the surgical procedures were not standardized among groups. However, with the improvement of surgical techniques and the use of TXA, it is safe and feasible for patients undergoing TKA without using the tourniquet and even obtaining lower blood loss.^\[[@R31]\]^ Second, this study solely focused on a short follow-up period, and it may have been too short to sufficiently assess the clinical efficacy and safety of these treatments. Third, the sample in group C was relatively small, and further studies with a larger sample size are necessary in the application of multiple boluses of TXA.

In conclusion, the current retrospective study suggests that for patients receiving primary unilateral THA or TKA, applying rHuEPO and iron supplements can reduce the calculated TBL, Hb drop, transfusion rate, and PLOS, and improve the postoperative Hb level when added to combined treatment using intravenous and topical TXA, and applying additional multiple boluses of TXA can further improve these effects in patients undergoing THA or TKA without increasing the incidence of VTE, wound complications, and mortality.
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